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ABSTRACT
Gamma-ray burst (GRB) afterglows are likely produced in the shock that is driven as the GRB
jet interacts with the external medium. Long-duration GRBs are also associated with powerful
supernovae (SNe). We consider the optical and radio afterglows of long GRBs for both blasts
viewed along the jet axis (“on-axis” afterglows) and misaligned observes (“off-axis” after-
glows). Comparing the optical emission from the afterglow with that of the accompanying
SN, using SN 1998bw as an archetype, we find that only a few percent of afterglows viewed
off-axis are brighter than the SN. For observable optical off-axis afterglows, the viewing an-
gle is at most twice the half-opening angle of the GRB jet. Radio off-axis afterglows should
be detected with upcoming radio surveys within a few hundred Mpc. We propose that these
surveys will act as “radio triggers,” and that dedicated radio facilities should follow-up these
sources. Follow-ups can unveil the presence of the radio SN remnant, if present. In addition,
they can probe the presence of a mildly relativistic component, either associated with the GRB
jet or the SN ejecta, expected in these sources.
Key words: radiation mechanisms: non-thermal – methods: analytical – gamma-ray bursts:
general
1 INTRODUCTION
Gamma-ray burst (GRB) afterglows are likely to be produced in
the external forward shock (e.g., Sari et al. 1998; Wijers & Galama
1999; Panaitescu & Kumar 2000). In this framework, the GRB
jet interacts with the external medium and drives a relativistic
shock, accelerating electrons that radiate via synchrotron emis-
sion. The decelerating blast wave, initially highly collimated, tran-
sitions from a relativistic stage to a non-relativistic spherical stage
at late times. Hydrodynamical simulations are, nowadays, able
to capture this long-term evolution of the blast wave and calcu-
late multi-wavelength synchrotron light curves and spectra (e.g.,
van Eerten & MacFadyen 2012), for observers located along the
jet axis (“on-axis” observers) and at a large angle (“off-axis” ob-
servers; e.g., Rhoads 1997; Granot et al. 2002; Totani & Panaitescu
2002; Nakar et al. 2002; Zou et al. 2007; Rossi et al. 2008). Off-
axis afterglows can potentially be observed without the detection
of the prompt gamma-ray emission. For this reason, they have
been referred to as “orphan afterglows”. The detection of orphan
afterglows remains elusive to this date (e.g., Cenko et al. 2013;
Corsi et al. 2015). Current and upcoming surveys in the optical
(e.g., Pan-STARRS1, ZTF, LSST) and radio (e.g., LOFAR, VAST,
VLASS, SKA1) have the detection of orphan afterglows among
their main objectives.
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Long GRBs are also accompanied by supernovae (SNe) of the
rare broad-line Ic type. The sample of GRB-associated SNe is quite
homogeneous, and the optical SN emission from SN 1998bw serves
as an excellent archetype (e.g., Modjaz et al. 2015). Modelling of
the SN optical emission reveals typically very energetic ejecta with
kinetic energy of several ×1052 erg, and fairly fast velocity of
∼ 0.1c (see, e.g, Woosley & Bloom 2006; Hjorth & Bloom 2012;
Melandri et al. 2014, and references therein). The SN “remnant”
also drives an external shock, accelerating electrons that radiate via
synchrotron emission (e.g., Chevalier 1982a,b, 1998). Recently, the
emission from this SN remnant (SNR) has been shown to produce
a strong radio signal that could potentially be observed ∼ 10 yrs
after the GRB explosion (Barniol Duran & Giannios 2015).
Typical GRBs occur at cosmological distances. Current and
near-future facilities will be capable of detecting orphan afterglows
from much closer distances: just ∼ a few hundred Mpc. Therefore,
future orphan afterglow observations should increase the number
of GRBs detected nearby. This carries the promise of following
these afterglows for decades in the radio, and studying the very late
stages of the shock, including the potential detection of the onset of
the SNR emission.
The main objective of this paper is to calculate the emis-
sion that follows the GRB, including the afterglow and the
SNR, for an observer located at any angle with respect to the
jet axis. We assess the various strategies of detecting an or-
phan afterglow at different wavelengths, especially optical and
radio. In particular, in the optical band, we compare the ex-
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pected afterglow emission with the optical emission from the
SN itself. We stress, in line with previous work, that ra-
dio frequencies constitute the best observing strategy to detect
the emission from an orphan afterglow (e.g., Paczynski 2001;
Levinson et al. 2002; Berger et al. 2003; Soderberg et al. 2004b;
Gal-Yam et al. 2006; Soderberg et al. 2006; Bietenholz et al. 2014;
Ghirlanda et al. 2014; Metzger et al. 2015).
It is likely that the two components that we have mentioned
above, the GRB jet and the SN ejecta, are not simply expelled from
the central object with a single velocity and a characteristic energy.
Instead, the quasi-spherical SN ejecta is thought to be composed of
a range of energies that follow a power-law in velocity, with faster
parts of the ejecta carrying smaller energies, as expected in hydro-
dynamical explosions (e.g., Matzner & McKee 1999). At the same
time, a distribution of energies could also be present in the GRB jet
(e.g., Lazzati et al. 2012), or the GRB jet could be surrounded by
a slower “sheath” (or “cocoon”) of a larger opening angle (e.g.,
Ramirez-Ruiz et al. 2002; Zhang et al. 2004). These possibilities
motivate us to consider the presence of a mildly relativistic compo-
nent in the ejecta. In this paper we calculate the radiative signatures
of such a component.
The paper is organized as follows. In Section 2 we describe
the emission from the different components that follow the GRB
prompt emission. In Section 3 we present optical and radio light
curves of these components. In Section 4 we comment on their po-
tential detection, and briefly discuss observing strategies and rates.
We finish with our conclusions in Section 5.
2 MODELLING THE EMISSION THAT FOLLOWS THE
GRB
The long-lasting emission that follows the prompt GRB emission
has different components: (i) the external forward shock emission
that is initially strongly beamed along the direction of propaga-
tion of the jet but that gradually turns spherical as the blast slows
down; (ii) the quasi-spherical SN optical emission powered by the
radioactive decay and (iii) the quasi-isotropic SNR emission, which
is produced by synchrotron emission from electrons accelerated at
the SN shock. For completeness, we explore the possible contribu-
tion of synchrotron emission from an external forward shock driven
by mildly relativistic ejecta. We discuss all of these in the following
subsections.
2.1 GRB jet afterglow model
2.1.1 Afterglow library
We calculate the GRB afterglow light curves using the “Af-
terglow library” described in van Eerten & MacFadyen (2012)
(see, also, Zhang & MacFadyen 2009; van Eerten & Wijers 2009;
van Eerten et al. 2010b,a; van Eerten & MacFadyen 2011).1 The li-
brary calculates the synchrotron light curves and spectra (at a given
frequency and for a given observer angle with respect to the jet
axis) using linear radiative transfer, which includes synchrotron
self-absorption. The library uses snapshots of hydrodynamical sim-
ulations of GRB jets to generate these light curves. In this paper,
we modify the library as described in Sironi & Giannios (2013).
This modification allows us to consider the “deep Newtonian (DN)”
1 The Afterglow library (here we use the “BOXFIT” code) is publicly
available at http://cosmo.nyu.edu/afterglowlibrary.
regime, which is relevant for the late-time light curves calculation,
where most of the shock-heated electrons are non-relativistic, but
mildly relativistic particles with Lorentz factor ∼ 2 contribute to
the bulk of the total electron energy (see, also, Granot et al. 2006).
2.1.2 Baseline: Optical and radio light curve on-axis modelling
We use the sample of optical on-axis GRB afterglow observations
found in Kann et al. (2010) as a baseline for our study. This com-
prehensive sample has been extinction-corrected and scaled to a
common redshift z = 1 and common R-band (∼ 2 eV) magnitude.
We arrange these observed afterglows in descending order of their
brightness at 1 day and then divide them into 10 groups. The first
group contains the 10% brightest afterglows (9th decile), the sec-
ond group contains the subsequent 10% brightest afterglows (8th
decile) and so on. For each decile, we produce an average optical
afterglow light curve so that we can use it to represent that decile.
We also calculate the decile’s average isotropic gamma-ray energy,
Eγ,iso, which is the energy released during the prompt GRB phase.
To model the representative afterglow light curve of each
decile, we need several parameters: Eiso, the isotropic equivalent
kinetic energy of the jet; n, the number density of the external
medium (assumed constant); the microphysical parameters ǫe and
ǫB , the fraction of energy in the electrons and magnetic field in the
shocked fluid, respectively; and p, the power-law index of the elec-
tron energy distribution. Although modelling of afterglow data of
different GRBs indicates that these parameters are not universal, we
first assume a particular set of values (based on recent studies), and
later discuss how varying some of these parameters would affect
our results (see Section 4 and the Appendix).
For each decile, we assume a GRB gamma-ray efficiency
of ∼20%, so that Eiso ≈ 5Eγ,iso (e.g., Beniamini et al. 2015),
ǫe ∼ 0.1 (Santana et al. 2014), p = 2.4 (Curran et al. 2010). We
assume n = 1 cm−3, and then find a suitable value of ǫB to
match the average optical brightness at 1 day for each decile us-
ing the Afterglow library, which turns out to be ∼ 10−5 − 10−4
consistent with, e.g., Barniol Duran (2014), Santana et al. (2014)
and Beniamini et al. (2015). A large number of afterglow stud-
ies seem to point out that ǫe is quite constrained to be ∼ 0.1
(e.g., Santana et al. 2014, see, also, particle-in-cell simulations of
Sironi & Spitkovsky 2011). It also seems that the prompt gamma-
ray efficiency should not be too high (e.g., Beniamini et al. 2015).
Hence, we investigate below how changing the remaining param-
eters n and correspondingly ǫB , which seem to be the least con-
strained, affects our conclusions. To illustrate this, we can analyt-
ically estimate the optical flux at 1 day, when the optical band is
likely to be above the minimum frequency, but below the cooling
one. It is given by (e.g., Granot & Sari 2002)
Fν ≈ (3mJy)ǫ
1.4
e,−1ǫ
0.9
B,−4E
1.4
iso,53n
1/2
0 t
−1
d d
−2
27 ν
−0.7
14 , (1)
where we have used the parameters mentioned above, t is the ob-
served time since the explosion (in days), we have normalized the
luminosity distance d to 300 Mpc, and we have used the common
notation Qx = Q/10x in c.g.s units. Since we consider nearby
sources, we take the redshift to be 1 + z ≈ 1 in our equations. For
example, for the 5th decile, Eiso,53 ∼ 2, the flux at 1 d (at 300
Mpc) at 2 eV is ∼ 5 mJy, and therefore, n = 1 cm−3 requires
ǫB ∼ 4× 10
−4
. This value of ǫB agrees with the one found using
the Afterglow library within a factor of ∼ 2.
The final parameter needed is the half-opening angle of the
jet, θj , which affects the time of the “jet break” (e.g., Rhoads 1999;
Sari et al. 1999). Individual fitting of each of the light curves is
c© 2016 RAS, MNRAS 000, 000–000
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needed to do this, which is outside of the scope of this paper. There-
fore, we use a simple approach and consider θj = 0.1 (∼ 6◦) and
0.2 (∼ 11◦), which spans the approximate range of typical open-
ing angles inferred from observations (e.g., Ghirlanda et al. 2005;
Goldstein et al. 2016 and references therein). We now introduce
some terminology that will be used throughout this paper. The af-
terglows in the 9th decile will be called the “brightest afterglows.”
We also group the GRBs in the 4th, 5th and 6th deciles together
and call these the “average afterglows,” since they yield the average
optical flux at 1 d of our sample.
Using the parameters described above, we predict the off-axis
afterglow in the optical (R-band). We also use these parameters
to predict the on-axis and off-axis radio afterglows (at 4.9 GHz,
which is a typical observing radio band). Given that radio on-axis
afterglows observations are available, we use the average observed
radio afterglow light curve in Chandra & Frail (2012) to compare
with our predicted on-axis radio afterglows.
2.2 SN optical emission
The SNe accompanying long duration GRBs are very similar in na-
ture. At ∼ 10 d after the GRB, the GRB-SNe sample spans only
a factor of <
∼
4 in bolometric luminosity (Melandri et al. 2014).
Also, in a systematic study recently done by Modjaz et al. (2015),
it was found that SN 1998bw represents a typical SN that accom-
panies a GRB. Hence, we will use the derived physical parameters
of 1998bw in this paper: an SN ejecta kinetic energy of ESN ∼
5 × 1052 erg and a velocity of 24,000 km/s, which is βSN ≈ 0.08
in units of the speed of light (e.g., Iwamoto et al. 1998). The optical
data for SN1998bw were obtained from Clocchiatti et al. (2011).
2.3 SN remnant (SNR) radio emission
At very late times, radio emission from the SNR may out-
shine the GRB afterglow (Barniol Duran & Giannios 2015).
Therefore, it proves useful to include this component in our
late time calculations. We follow the same procedure as in
Barniol Duran & Giannios (2015) to obtain the SNR light curve for
a 1998bw-like SN. To summarize their work, the SNR radio flux is
Fν = Fp
{
t3 t < tdec,SN (2a)
t
−3(1+p)
10 t > tdec,SN, (2b)
where the deceleration time of the SN ejecta is
tdec,SN ≈ 29β
−5/3
SN,−1(ESN,52.5/n0)
1/3 yr, (3)
and the peak flux (in µJy) at observed frequency ν at this time is
given by
Fp ≈ 440 ǫ¯e,−1ǫ
1+p
4
B-SN,−2β
1+p
2
SN,−1ESN,52.5 n
1+p
4
0 ν
1−p
2
GHz d
−2
27 , (4)
where ǫ¯e ≡ 4ǫe(p − 2)/(p − 1). It is important to note that these
results are valid for max(νa, νm) < ν < νc, where νa, νm and νc
are the synchrotron self-absorption, minimum injection and cool-
ing frequencies, respectively. We assume that the SNR emission is
quasi-isotropic; therefore, it is observable for any viewing angle.
Since SNR emission from a GRB-accompanying SN has not
been observed, the SNR physical parameters remain uncertain. In
the following, we will use the same values for density, ǫe and p used
for our GRB afterglows calculations, and we will use the kinetic en-
ergy and velocity of the SN ejecta inferred from 1998bw (see Sec-
tion 2.2). We will use a value of ǫB-SN ∼ 0.01, inferred for “normal”
Ibc young radio SNe (e.g. Chevalier & Fransson 2006). Ideally, one
could use very late time radio afterglow observations (∼ 10 yr) to
constrain ǫB and other parameters, and use them to calculate the
radio SNR emission. This can only be done for one GRB, so here
we simply adopt a fixed value of ǫB (see Barniol Duran & Giannios
2015). A different choice of parameters would yield different fluxes
according to equation (4).
2.4 Other possible mildly relativistic components
So far we have considered the light curves from two components
with distinct energies and distinct velocities: the ultra-relativistic
jet and the non-relativistic SN ejecta. Motivated by previous work,
we consider the presence of a mildly relativistic component (e.g.,
Lazzati et al. 2012) and predict its light curve. This extra compo-
nent could be related to the GRB jet or the SN ejecta. For simplic-
ity, we will assume that it is associated with the quasi-spherical SN
ejecta. We will model the SN ejecta with a continuous kinetic en-
ergy distribution as E ∝ (βγ)−α with 0.1 6 βγ, α varying from
1 to 5 (observations and theory seem to constrain α ∼ 5 for typ-
ical SNe), and we normalize the total kinetic energy to that of the
SN (e.g., Matzner & McKee 1999, Tan et al. 2001). Faster parts of
the ejecta, which contain less energy, decelerate at earlier times;
slower but more energetic parts catch up with them later on, re-
energizing the blast wave. In this scenario, the Lorentz factor and
energy of the blast wave are Γ ∝ t−3/(8+α) and E ∝ t3α/(8+α)
(e.g., Sari & Me´sza´ros 2000), while in the non-relativistic phase the
velocity and energy are β ∝ t−3/(5+α) and E ∝ t3α/(5+α). The
synchrotron emission from this blast wave yields light curves of
the form Fν ∝ t−sν−(p−1)/2, with the temporal decay index pre-
sented in Barniol Duran et al. (2015). During the non-relativistic
phase, the blast wave will transition to the DN phase. The DN phase
sets in when the minimum Lorentz factor of the shocked electrons
drops to γmin
∼
< 2 (Sironi & Giannios 2013). At this stage, the
mildly relativistic electrons contribute to the majority of the flux
emitted, causing a slight change in the slope of the light curves.
The temporal decay indices in order of appearance are
s =


6(p− 1) − 3α
8 + α
relativistic phase, (5a)
15p− 21− 6α
10 + 2α
non-relativistic phase, (5b)
3(1 + p)− 6α
10 + 2α
deep Newtonian phase. (5c)
The transition from the relativistic to the non-relativistic phase oc-
curs at βγ = 1, and the transition from the non-relativistic to DN
phase occurs at a velocity βDN = 0.2ǫ¯−1/2e,−1 (Sironi & Giannios
2013). We note that for α → ∞, that is, when all energy is con-
centrated in a single-velocity component of ∼ 0.1c, then the flux
increases as ∝ t3 as the blast wave coasts. For α = 0, which
means constant blast wave energy (no energy injection), one ob-
tains the “usual” temporal flux decay for a decelerating blast wave
in the corresponding phases (e.g. Sari et al. 1998; Leventis et al.
2012; Sironi & Giannios 2013). When the slowest component, with
∼ 0.1c velocity, catches up with the mildly relativistic component,
energy injection ceases and the flux decreases as ∝ t−3(1+p)/10,
see equation (2b). This occurs at tdec,SN given by equation (3).
Therefore, due to our choice of the kinetic energy normalization of
this mildly relativistic component, the radio SNR light curve will
exhibit a modified light curve before tdec,SN, but the normalization
at tdec,SN and the light curve beyond this time will remain the same
as presented in Section 2.3.
c© 2016 RAS, MNRAS 000, 000–000
4 Kathirgamaraju, Barniol Duran & Giannios
As discussed above, the flux of the mildly relativistic compo-
nent before tdec,SN is given by Fν = Fp(t/tdec,SN)−s. When the
blast wave is non-relativistic and energy injection proceeds, then s
takes the value in equation (5b) and the flux (in µJy) is given by
Fν ≈ 440 ǫ¯e,−1 ǫ
1+p
4
B-SN,−2 β
40+11α+p(α−20)
10+2α
SN,−2 E
3+5p
10+2α
SN,52.5 n
p(α−5)+5α+19
20+4α
0
× ν
1−p
2
GHz (1 + z)
p(10−α)−5α−16
10+2α d−227
( t
29 yr
)
−s
,
(6)
where we have left the redshift dependence since it is non-trivial.
As an example, if we let α = 5 and p = 2.4 this flux is given by
(in µJy)
Fν ≈ 35 ǫ¯e,−1 ǫ
0.85
B-SN,−2 β
2.95
SN,−2E
0.75
SN,52.5 n
1.1
0 ν
−0.7
GHz d
−2
27 t
0.75
yr ,
(7)
which rises slower than ∝ t3.
It is also instructive to determine the time when the decaying
flux of the GRB jet component (at this late time it is spherical and in
the deep Newtonian regime) is equal to the flux of the SNR (before
tdec,SN) as was done in Barniol Duran & Giannios (2015). Setting
equation (6) equal to the flux of the GRB afterglow (equation (7) in
Barniol Duran & Giannios 2015), we obtain the time after which
the SNR outshines the GRB afterglow (we will call this the re-
brightening time, trb). As an example, for α = 5 and p = 2.4, the
rebrightening time is
trb ≈ (1.8yr) β
−
5
3
SN,−1 E
−0.42
SN,52.5E
0.76
GRB,51 n
−
1
3
0 χ
−0.48
B . (8)
In this expression, EGRB is the true (beaming-corrected) energy of
the GRB jet, and χB ≡ ǫB-SN/ǫB .
Taking α → ∞ (i.e. assume no mildly relativistic compo-
nent) and p = 2.4 gives trb ∼ 9 yr, which is significantly longer.
Therefore, the presence of a mildly relativistic component in the SN
ejecta naturally yields a radio SNR flux that exceeds the GRB com-
ponent at a much earlier time. We note that to obtain equation (8),
we have used the simplifying assumption that the GRB emission is
in the DN phase and that the energy injection to the SN ejecta is in
the non-relativistic phase. As for the SNR emission, we assume that
this mildly relativistic SN-component is quasi-isotropic; therefore,
it is observable for any viewing angle.
The results presented in this subsection are valid for
max(νa, νm) < ν < νc. At early times, in the relativistic phase, the
characteristic frequencies are larger; therefore the observing fre-
quency could be either below νm or νa. We use the expressions in
Barniol Duran et al. (2015; see their equations 18 and 19) to esti-
mate the location of the characteristic frequencies and the expected
light curves. Whenever the characteristic frequencies cross the ob-
serving band, a sharp break in the radio light curves occurs when
max(νa, νm) < ν < νc. At later times, the light curve transitions
to the non-relativistic phase, then to the DN phase, and then finally
to the time when energy injection ceases (see Fig. 2).
3 SUMMARY OF RESULTS
In the following subsections we present the expected optical and
radio light curves, respectively, including all different components
discussed above.
3.1 Optical emission
We have calculated the GRB optical afterglow for each decile for
different viewing angles, θv. We compare this emission with that
of the optical emission of SN 1998bw. As an example, the light
curves for the “brightest afterglow” and the 5th decile are shown
in Fig. 1 (we plot these for θj = 0.2). As can be seen, the SN
optical emission is brighter than any off-axis afterglow for which
the viewing angle is larger than θv,crit ∼ 20◦ ∼ 1.7θj . A similar
conclusion holds for θj = 0.1 (we obtain θv,crit ∼ 15◦).
3.2 Radio emission
Using the parameters obtained from matching the optical data at
1 day, we have calculated the GRB radio afterglow for each decile
for different viewing angles. As an example, the light curves for the
“average afterglow” are shown in the top panel of Fig. 2. We plot
these for θj = 0.2. For θj = 0.1 the on-axis radio light curve peaks
only a factor of∼ 2 earlier and with similar flux. The θj = 0.1 off-
axis light curves peak at similar times, although with weaker fluxes
by a factor of ∼ 4, compared with the θj = 0.2 case.
We present the SNR radio emission, and also the possible con-
tribution of a mildly relativistic SN component with α ≈ 5 (e.g.,
Tan et al. 2001), in the top panel of Figure 2. In the bottom panel
of Figure 2, we only include the on-axis radio afterglow for the av-
erage afterglow, but include several possible distributions for the
mildly relativistic SN component: 1 6 α 6 5, and α→∞, which
corresponds to the case where the SN ejecta has a single speed
of ∼ 0.1c (no mildly relativistic component). As can be seen, al-
lowing for the presence of a mildly relativistic component yields a
contribution to the radio flux at earlier times.
Our predicted on-axis average radio light curve (predicted us-
ing the parameters obtained from matching the optical data at 1
day) does fairly well in reproducing the early (< month) aver-
age radio observations in Chandra & Frail (2012)2. However, it
underpredicts the late time (> months) radio observations. These
late time data (> months) in Chandra & Frail (2012) are sparse:
their average observed radio afterglow light curve at this stage is
dominated only by a few bright long-lived afterglows. However,
it does seem that some specific radio afterglows do decay much
slower than expected in the simplest external shock model (see,
e.g., Panaitescu & Kumar 2004). We discuss this in the next sec-
tion.
4 DISCUSSION
In Fig. 1 we see that the brightest afterglows are visible up to a crit-
ical viewing angle of θv,crit ∼ 20◦, beyond which the SN emission
becomes comparable to the optical afterglow. For fainter optical af-
terglows, the SN emission outshines the afterglow at early times
(
∼
< 1 month), but it will still be detectable up to θv,crit. This pattern
is seen for afterglows up to the 5th decile. For optical afterglows in
the 6 6th decile, the critical viewing angle is< 20◦. Therefore, op-
timistically,∼ 50% of afterglows in our sample outshine the optical
SN emission as long as the viewing angle is< θv,crit. From this, we
can calculate the solid angle subtended by observers with viewing
angle within θv,crit and divide this by the total solid angle to find
the probability of detecting such afterglows (including the counter
jet). We find a small probability of 100×0.5 ∫ θv,crit
0
sinθdθ ≈ 3%
2 As pointed out by Chandra & Frail (2012), the bright radio data at < few
days might be the result of an extra component: the reverse shock emission,
which should decay quickly afterward and will not affect our radio light
curves at late times.
c© 2016 RAS, MNRAS 000, 000–000
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Figure 1. Optical (∼ 2 eV) GRB afterglow light curves (lines) and the SN
optical emission (points); for the latter we use observations of SN 1998bw,
which serves as a typical GRB-accompanying SN. The top panel shows
the model for the “brightest” afterglows in our sample, while the bottom
panel shows the model for the afterglow observed in the 5th decile. In
both panels we show the on-axis and off-axis afterglows (viewing angles
are indicated in the legend, peak flux of light curves decreases for larger
viewing angles). The SN optical emission outshines the off-axis afterglow
emission unless the viewing angle is very close to twice the half-opening
angle of the GRB jet. An external density of n = 1 cm−3 was used (for
other parameters, see Section 2.1.2). The source is placed at a distance
dL = 300 Mpc. Afterglow light curves are produced with the Afterglow
Library (van Eerten & MacFadyen 2012).
to clearly identify the afterglow emission in a GRB associated with
a SN. If we consider θj = 0.1, this probability decreases to ∼ 2%.
As mentioned in Section 2.1.2, there are different sets of parame-
ters that could be used to match the optical on-axis fluxes. In the
Appendix, we investigate the afterglow light curves in Fig. 1 for
different sets of Eiso, n and ǫB . We find that our conclusions do
not change even when considering this degeneracy in the parame-
ters.
In the radio band the afterglow is observable for vari-
ous viewing angles and for long times as shown in Fig. 2. At
late times, the radio SNR emission outshines the GRB after-
glow (Barniol Duran & Giannios 2015). The rebrightening time
decreases significantly if the SN ejecta contains a mildly rel-
ativistic component. Therefore, the time when the rebrighten-
ing occurs can give us important information on the energy dis-
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Figure 2. Top panel: Radio (4.9 GHz) GRB afterglow light curves for the
“average” afterglow of our sample for various viewing angles (see legend,
peak flux of light curves decreases for larger viewing angles). Radio SNR
emission, allowing for the presence of a mildly relativistic component in the
SN ejecta for different values of α (see legends in both panels, higher val-
ues of α correspond to lower fluxes at 1 yr), where the kinetic energy is in-
jected to the blast wave as a function of velocity ∝ (βγ)−α . Bottom panel:
The region between the dashed lines indicates the location of the observed
on-axis radio afterglows from the sample of Chandra & Frail (2012). The
mildly relativistic component generally shows four breaks in its light curve:
the crossing of the minimum synchrotron frequency, the transition to the
non-relativistic phase, the transition to the deep Newtonian phase, and the
cessation of energy injection (in order of appearance, see Section 2.4). An
external density of n = 1 cm−3 was used (for other parameters, see Section
2.1.2), the source is placed at dL = 300 Mpc. Afterglow light curves are
produced with the Afterglow Library (van Eerten & MacFadyen 2012). The
SNR radio emission is calculated as in Barniol Duran & Giannios (2015).
tribution of the SN ejecta. The radio SNR emission does de-
pend on the microphysical parameters of the SN shock. Here,
we used microphysical parameters similar to those obtained in
young radio SNe (e.g., Chevalier & Fransson 2006, see discussion
in Barniol Duran & Giannios 2015).
For a smaller density by a factor of 10 (n = 0.1 cm−3, in-
creasing ǫB correspondingly, so that the optical flux at 1 day is
matched), the on-axis radio afterglow peaks earlier by a factor of
∼ 1.5 and has a similar flux as the n = 1 cm−3 case. The off-
axis radio afterglows peak a factor of <
∼
4 later in time with a factor
of <
∼
3 smaller fluxes. Also, for this smaller density, the peak time
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Figure 3. The sum of the “average” radio (4.9 GHz) GRB afterglow light
curves (for different viewing angles, see legend, peak flux of light curves
decreases for larger viewing angles) and the radio emission from an α = 1
mildly relativistic component, which is quasi-spherical (see Fig. 2, bottom
panel). An external density of n = 1 cm−3 was used (for other parameters,
see Section 2.1.2), the source is placed at dL = 300 Mpc. Afterglow light
curves are produced with the Afterglow Library (van Eerten & MacFadyen
2012).
of the SNR radio emission increases by a factor of ∼ 2, which is
expected from equation (3). This causes the rebrightening time to
increase by a factor of ∼ 2.
As can be seen in the bottom panel of Fig. 2, our on-axis GRB
radio afterglow underestimates the late time (> months) average
observed radio flux. Although the data used in Chandra & Frail
(2012) to construct the late time average light curve are sparse,
there are some bursts that show a shallow radio light curve. Its
origin has been studied by Panaitescu & Kumar (2004), who have
considered several possibilities (including time-varying microphys-
ical parameters, and energy injection to the reverse shock, among
others), but it is clear that it cannot have an external shock origin
in the simplest model. The theoretically calculated radio on-axis
afterglows decrease too fast.
In order to account for the observed flat late-time radio curves,
we consider a SN ejecta with a mildly relativistic contribution with
α = 1, which nicely follows the late-time on-axis radio afterglow
of Chandra & Frail (2012). Therefore, we can add both contribu-
tions to the radio band: 1. the on-axis GRB afterglow and 2. the
(quasi-spherical) mildly relativistic SN ejecta component, to obtain
the late time radio on-axis light curve. The precise physical origin
of the second component is outside of the scope of this paper (it
could be, e.g., a mildly relativistic component from the GRB jet
itself, and probably not related to the SN). Nevertheless, at these
late times, the component is most likely non-relativistic and quasi-
spherical, allowing observers at any angle to detect it. We present
the contribution from both components for different viewing angles
in Figure 3. In light of this, radio fluxes presented in the top panel
of Fig. 2 serve as lower limits.
After finding that the α = 1 component reproduces the ob-
served late time on-axis afterglow radio data quite well, we inves-
tigated the contribution of this component in the optical band, i.e.,
its contribution to Fig. 1. We found that this component outshines
the SN optical emission after ∼ 3 months. However, for typical
cosmological GRBs, which occur at z >
∼
1, the optical flux from the
α = 1 component is too weak to be observed. Nearby GRBs ( <
∼
300 Mpc) might show a flattening in the optical light curve at ∼ 3
months due to the contribution of this α = 1 component.
As mentioned above, the vast majority of off-axis optical
afterglows are expected to be weaker than the emission from
the accompanying SN. This can make the detection of off-axis
optical afterglows a more difficult task than previously thought
(e.g., Totani & Panaitescu 2002; Rossi et al. 2008; Ghirlanda et al.
2015), even if they are stronger compared to their host galaxy emis-
sion. Optical off-axis afterglow studies should include the contribu-
tion from the SN emission, since the SN-GRB association is firm.
Several radio surveys are coming online in the near future.
We briefly mention their potential in detecting radio off-axis after-
glows for “average” GRBs in view of our results (these “average”
GRBs have isotropic equivalent energy Eiso ∼ 1053 ergs). We con-
sider one of those programmes: VAST, which is the ASKAP Survey
for Variables and Slow Transients (Murphy et al. 2013). They have
planned several surveys to detect radio transients at ∼ 1.4 GHz.
The “VAST-Wide” survey has a 1σ rms sensitivity of 0.5 mJy and
covers 104 deg2 per day. From Fig. 2, we see that the peak flux
at θv ≈ 45◦ is ∼ 1 mJy for a frequency of 4.9 GHz (the flux at
1.4 GHz would be a factor of ∼ 2 larger). Therefore we deduce
that this survey will be able to detect afterglows up to a distance
of 300 Mpc provided θv <∼ 45◦. With the covered area of the survey
and using the beaming-corrected local GRB rate of3 ∼ 15 Gpc−3
yr−1, we expect only ∼ 0.4 events per year. The “VAST-Deep
Multi-field” survey has a 1σ rms sensitivity of 0.05 mJy and cov-
ers 104 deg2 per year. Constraining θv <∼ 45◦, we expect to detect
∼ 13 events per year. Finally, the “VAST-Deep Single field” sur-
vey has a 1σ rms sensitivity of 0.05 mJy but covers 30 deg2 per day,
which yields ∼ 0.04 events per year (here again we keep the same
constraint on θv). Since these surveys will last for a ∼ few years,
off-axis radio afterglows should be detected (see Ghirlanda et al.
2014; Metzger et al. 2015). Other radio surveys such as Apertif on
WSRT (Oosterloo et al. 2010), MeerKat (Booth et al. 2009), sur-
veys with the VLA (Perley et al. 2011) known as VLASS, SKA1
(Carilli & Rawlings 2004), should also be able to detect orphan af-
terglows, provided that it is possible to distinguish between them
and other slowly evolving radio synchrotron sources.
The calculations in the previous paragraph take into account
the afterglow light curves of Fig. 2, which were shown to underesti-
mate the radio flux after a few months. If we consider the presence
of a mildly-relativistic quasi-spherical component (see Fig. 3), the
radio flux of the source for any observing angle is increased by
one order of magnitude. Thus even if a modest fraction of GRBs
contain such a mildly relativistic component, the number of orphan
afterglows detected in the radio would have a significant increase.
Since the nearby population of GRBs is likely to be dominated
by low-luminosity GRBs (llGRBs, e.g., Soderberg et al. 2004b),
we briefly discuss the detection of llGRBs in regards to upcom-
ing surveys. Even though they are more abundant and roughly
isotropic, the afterglows of llGRBs are a couple of orders of mag-
nitude fainter than off-axis long GRBs. This makes them quite
hard to detect in upcoming radio surveys; SKA1 is the only sur-
vey that will be able to detect them (Metzger et al. 2015). Never-
3 The local GRB rate is ∼ 1 Gpc−3 yr−1 (Wanderman & Piran 2010)
for events with gamma-ray isotropic luminosities >
∼
1050 erg/s. For the
bursts energies considered in Fig. 2, the local rate would be a factor of ∼ 3
smaller (see Metzger et al. 2015). For θj = 0.2, the beaming correction
is 2πθ2j /(4π) ∼
1
50
(e.g., Guetta et al. 2005). Therefore, the beaming-
corrected local rate is ∼ 15 Gpc−3 yr−1.
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theless, detection and very late time follow-up of the radio after-
glows of llGRBs should give us insight into the energy distribu-
tion of their blast waves and the emergence of the radio SNR (see
Barniol Duran et al. 2015; Barniol Duran & Giannios 2015).
5 CONCLUSIONS
We have explored the different components present in a long GRB
explosion: the GRB jet, the SN ejecta and the possible contribution
of a mildly relativistic component. The GRB jet interacts with the
external medium and produces an afterglow, which can in principle
be detected for different viewing angles without the detection of
the prompt gamma-ray emission. The SN ejecta is generally quasi-
spherical and produces optical photons detected by observers at any
angle.
Using a sample of optical on-axis afterglows, we predict that
the vast majority of optical off-axis afterglow will be too weak to be
detected in excess of the emission from the accompanying SN. In
lines with previous work, radio observations provide the best alter-
native to detect afterglow without an associated gamma-ray trigger.
Upcoming radio surveys should be able to detect off-axis af-
terglows within ∼ 300 − 500 Mpc. These radio surveys can act
as radio “triggers”. We encourage the follow-up of newly found
off-axis afterglows with dedicated facilities (e.g., VLA). Follow-
ups may discover the emission from the radio SNR that accompany
long GRBs (Barniol Duran & Giannios 2015). In addition, they can
strongly constrain the energetics of any mildly relativistic com-
ponent (either associated with the SN ejecta or the GRB jet). Fi-
nally, the discovery of nearby GRB sources could help us in iden-
tifying their central engines. For example, bright soft gamma-ray
repeater-like flares at a location coincident with that of the after-
glow could reveal that the GRB is associated with the birth of a
magnetar (Giannios 2010).
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APPENDIX
In Section 2.1.2 we considered a set of parameters that matches the
optical flux at 1 day for each decile. These parameters were used
to calculate the off-axis optical light curves and to estimate an ap-
proximate critical angle, θv,crit (see section 3.1). Here we show that
our conclusions on θv,crit remain approximately the same when we
consider different sets of parameters that also match the optical flux
at 1 day. We allow n, Eiso and ǫB to vary in a large range (see Fig-
ure 4 and Table 1) while fixing ǫe = 0.1 and θj = 0.2. For the
parameters considered in this Appendix, θv,crit remains approxi-
mately the same until the 5th decile. For lower deciles, θv,crit is
smaller since the on-axis optical afterglow emission is weaker, just
as discussed in Section 4.
ǫB n [cm−3] Eiso [erg] η [%]
2× 10−4 0.1 9× 1053 4
3× 10−3 0.1 2× 1053 20
9× 10−5 1 7× 1053 5
8 × 10−4 1 2 × 1053 20
1× 10−2 1 4× 1052 100
2× 10−4 10 2× 1053 20
Table 1. Different parameters considered in Figure 4 that match the on-
axis optical flux at 1 d for the 5th decile. The rows are arranged in the
order of descending flux of the light curves (in Figure 4) at 200 days. For
example, the first row corresponds to the parameters of the light curve with
the brightest flux at 200 days (at 0◦ and 20◦). The row in italics indicates
the set of parameters used for the afterglow light curves in the bottom panel
of Figure 1 (dashed lines in Figure 4).
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